In this paper, the hydrodynamic characteristics of water flow in Chaohu Lake are studied by using the finite volume coastal ocean model (FVCOM), which is verified by the observed data. The typical flow field and the 3-D flow structure are obtained for the lake. The flow fields under extreme conditions are analyzed to provide a prospective knowledge of the water exchange and the transport process.The influence of the wind on the flow is determined by the cross spectrum method. The results show that the wind-driven flow dominates most area of the lake. Under prevailing winds in summer and winter, the water flows towards the downwind side at the upper layer while towards the upwind side at the lower layer in most area except that around the Chaohu Sluice. The extreme wind speed is not favorable for the water exchange while the sluice's releasing water accelerates the process. The water velocity in the lake is closely related with the wind speed.
Introduction0
o N25ʹ28″-31 o N43ʹ28″), in the middle and lower reaches of Yangtze River, lies in Anhui Province, China. It is one of the five largest freshwater lakes in China. It is about 54.5 km long from east to west and 21 km long from south to north. Its area and average depth are 780 km 2 and 2.7 m, respectively. In general, it is divided into two parts, the east part and the west part, by the line of Zhongmiao-Mu Mountain-Qitou Mouth as shown in Fig.1 . There are 11 rivers around the lake. Among them, Hangbu-Fengle River, Pai River, Nanfei River, Dianbu River contribute more than 90% of the runoff [1] . Chaohu Sluice lies at the connection of east Chaohu Lake and Yuxi River, and its design discharge rate is 1 370 m 3 /s. The construction of the sluice leads to a reduction of water exchange from 1.36×109 m 3 to 1.72×108 m 3 between the lake and Yangtze River [2] , which has a further great impact on the lake's hydro-dynamic process. Due to the extended retention time in the lake and the increased emission of the pollution like industrial waste and sewage runoff from around the lake, Chaohu Lake has become one of the three most eutrophic lakes in China. And the water quality in the lake shows a great heterogeneity in space. Generally speaking, the western part is in the hypertrophic state while the east part is in the mesotrophic state [3] . Algae blooms can more frequently and in greater amount be found in the western part than in the eastern part, and the northwest corner of the lake is the highest incidence area [4] . Fig.1 Schematic diagram of Chaohu Lake, rivers around it, and the underwater topography of the lake
The horizontal distribution of biomass is usually determined by factors as the hydrodynamic process, the water temperature and the nutrient transport [5] . As to Chaohu Lake, the uneven distribution of the water quality is closely related with the hydrodynamic process and the nutrient loading from rivers around the lake [6] . Thus, in order to have a better understanding of the eutrophication problem in the lake, the dynamic and transport process needs to be studied firstly.
Some previous studies and qualitative descriptions of the typical flow field of Chaohu Lake can be found in Journal of Chaohu Lake, where one may find that the flow in Chaohu Lake is a combined one, dominated by the gravitational flow and affected by the wind force. Tu et al. [1] suggested that the flow is driven by the wind and the gravity at the same time. According to their flow filed data collected in 1987, the flow in the west part is driven by the wind, i.e., the water at the surface flows to the downwind side while the water at the bottom flows in an opposite direction, however in the area close to the Chaohu Sluice, the water is apparently affected by the discharge, i.e., the water flows from west to east no matter what its depth is [1] . Even though the basic description of the hydrodynamic characteristics of Chaohu Lake can be acquired from some previous works, there are very limited detailed and quantitative studies. The driven force and the flow patterns of the lake are still poorly understood and need to be further studied.
Numerical models can help the lake management in selecting the optimal control strategies. Simulation of the flow filed can assist us to know more clearly what behind the water quality changes and eutrophications. Numerical simulations were carried out in some shallow waters to investigate their hydrodynamic and transport process. Xu and Liu [7] established a 2-D numerical model to study the wind-induced currents in Lake Taihu. Further, Gao et al. [8] studied the transport process and the TP distribution based on the hydrodynamic process in the lake. Wang et al. [9] used the Lagrangian particle tracking method to investigate the seasonal circulation of the Bohai Sea and compare the effects of different factors on the circulations. Wang et al. [10] coupled a 2-D hydrodynamic model with the water quality framework to study the sediment transport process and the heavy metal pollution in Taihu Lake. As a trend, the numerical method has become one of the most effective methods to analyze the fluid dynamic process of lakes in detail.
Consequently, this paper studies the typical flow field of Chauhu Lake by a comprehensive numerical simulation using 3-D hydrodynamic numerical models, to obtain the driven factors of the flow, the characteristics of the flow field, and the response process of the flow to the driven factors in Chaohu Lake. The 3-D flow structure of the lake is described to provide a basis from the perspective of hydrodynamics for the further researches of the transportation process.
Material and method
The numerical simulations are carried out by using the finite-volume coastal ocean model (FVCOM), which is a 3-D free-surface model with unstructured grids. The FVCOM was widely used to study the hydrodynamic and transport process in aquatic areas such as lakes, estuaries and oceans [11] [12] [13] [14] . It was applied in shallow waters, like Lake Taihu in China to study the surface mixed layer depth [15] , and also Lake El-Manzala in Egypt for salinity distribution and water management [16] . Recently, it was also used to investigate the seasonal circulation and thermal structure in Great Lakes [17] . The governing equations of the water movement in the FVCOM are as follows [18] :
(1) Momentum equations
(2) continuity equation
in which x , y , z are the east, north and vertical coordinates, respectively, u , v , w are the velocities in the corresponding direction, p is the pressure, ρ the density, g the gravitational acceleration, f the Coriolis parameter, and m K the vertical eddy viscosity coefficient.
Surface and bottom boundary conditions are as follows: 
where = 0.4 k is the von Karman constant, ab z is the height of a logarithmic bottom layer and 0 z is the bottom roughness parameter.
For adding discharge from a river at a specific node, the x and y components of the velocity resulting from Q at different layers are:
where Q is the river water discharge, θ is the angle between x direction and the coastline, k s is the thickness of the th k layer, i l and j l are the half lengths of the coastal sides of the neighbor elements.
In the vertical direction, all equations are transformed to the s coordinate according to the expre-
where H is the bottom depth, and D the total water column depth. s coordinate is convenient in representing an irregular bottom topography and making it smooth. The s coordinate is widely used in numerical models, especially for places with steep topographies such as lakes and coastal areas [19] [20] [21] [22] . In the above equations, the vertical eddy viscosity coefficient m K is calculated by the MY-2.5 model In the model, the mode splitting method is used, by which the currents are divided into external and internal modes with two different time steps. And for the external mode, a modified fourth-order RungeKutta time-stepping scheme is used, with a secondorder temporal accuracy. In the internal mode, the momentum equations are solved by a combined explicit and implicit scheme. A first-order accurate forward Euler scheme is used to solve the local change of currents, a second-order accuracy upwind scheme is used to compute the advection terms explicitly and the vertical diffusion terms implicitly. With a fast convergence, in our case, it takes about 50h for the velocity to converge to a constant under the stable wind condition. Unstructured grids are used for the calculation, with a resolution of about 500 m, as shown in Fig.2 . The domain is divided into five uniform layers in the vertical direction and the number of layers increases downwards. The underwater topography is shown in Fig.1 , measured in 1986, recorded by Journal of Chaohu Lake.
The wind data used in this research are obtained from Mushan automatic weather station in Hefei, Anhui Province (as shown in Fig.1 and B can be calculated by Eq. (14) and Eq. (15), respectively. 
The observed flow field on August 10th to 12th, 1987 by Tu et al. [1] is used for the model verification. 8 main rivers around Chaohu Lake are considered and the month-average discharge in August 1987 is used. The water discharge of Chaohu Sluice is set to be 500 m 3 /s in the simulation. The discharge data of the rivers and the sluice are shown in Table 1 [1] . As recorded by Hefei Automatic Station and Chaohu Automatic Station, the daily average wind speed on August 11th, 1987 is 3.0 m/s and 1.3 m/s, respectively. The data are offered by China Meteorological Data Sharing Service System. And the southeast wind is prevailing in summer [1] . Thus the speed in the wind field is set to be 3.0 m/s southeast in the west part and is continuously decreased to 1.3 m/s east. Because we fail to find the roughness data for Chaohu Lake in both the in-situ observation and in the numerical experiment, we set the bottom roughness height to be 0.01 m, in view of the numerical experiments in Taihu Lake [23] . This is because both lakes lie at the middle and lower Yangtze River and have a similarity in their sediment deposition. Simulated results (Fig.3) show that at the surface layer, the water in the western lake flows towards the downwind side and a return flow exists in the middle of the lake, which changes its direction from northwest at the estuary of Zhaohe River to northeast at Zhongmiao. At the same time, the water flows towards Chaohu Sluice in the east end of the lake. The flow at the surface has a velocity between 0.01 m/s and 0.06 m/s. At the bottom layer, there exists a compensation current at the western lake, which flows towards the upwind side. And the water at the east end of the lake still flows eastwards because of the sluice's releasing water. The velocity at the bottom layer is between 0.005 m/s and 0.05 m/s. A comparison with the observed flow field in Fig.4 indicates that the simulated results are in good agreement both in the velocity magnitude and direction and have well revealed the flow structure in the lake. 
Results and discussions

Basic patterns of typical flow fields
2.1.1 Comparison between wind-induced flow and gravitational flow As stated above, the current in Chaohu Lake is a combination of the wind-induced current and the gravitational flow. In order to compare the different effects of these two driving factors, the wind-induced current and the gravitational flow in the lake are simulated separately.
The southeast wind is prevailing in summer, while in winter it is the northwest wind. The wind speed is usually between 0.5 m/s and 4 m/s. To obtain the typical wind-induced flow field in Chaohu Lake, we use the average wind speed in 2012 observed in Mushan Station, i.e. 2.7 m/s, and the wind direction is southeast, which is the prevailing wind direction in summer. 8 main rivers, including Hangbu-Fengle River, Pai River, Nanfei River, Dianbu River and Baishitian River, which account for over 99% of the total runoff into Chaohu Lake, are considered in the simulation. And the discharge rate of Chaohu Sluice is 500 m 3 /s. The rivers and their runoffs are shown in Table 1 . We simulate the wind-induced current by just considering the wind force and disregarding the river inflow and the sluice's discharge. And we simulate the gravitational flow by only considering the river inflow and the sluice's discharge with the wind speed kept zero. −3 m/s, small enough to be neglected. In the area around river estuaries, no large velocity is found, because the runoff discharges from the rivers are quite small and the area of Chaohu Lake is large. Comparing the simulated results of the wind-induced motion and the gravitational flow, it is found that the velocities of the wind-induced current are around 10 -2 m/s while the velocities of the gravitational flow in most area are around 10 −3 m/s. In most area of the lake, the wind-induced motion with the annual-average wind speed is dominant. Only in the area around the sluice, the velocity of the wind-induced motion and that of the gravitational flow are comparable. Hence, the wind force is the main driving factor and the lake is dominated by the wind-induced flow.
Flow field under the prevailing wind in summer
As stated by Tu et al. [1] , in the area of Chaohu Lake, the southeast wind is prevailing in summer and it is the northeast wind in winter. In order to study the characteristics of the typical flow field in the lake, the flow field under the prevailing wind in summer is simulated, which takes the river discharge and the wind force into account at the same time. The wind speed is 2.7 m/s, the average wind speed observed in Mushan Station in 2012. And a similar study will be presented in the next section regarding to the flow field under the prevailing wind in winter. As shown by Fig.7 , the wind-induced motion dominates most area of the lake, where the water flows towards the downwind side at a speed in the range of 0.01 m/s to 0.05 m/s at the surface layer and flows towards the southeast direction at a speed in the range of 0.015 m/s to 0.025 m/s at the bottom. While in the area around Chaohu Sluice, the water in all depths flows towards east because of the sluice's discharging water. Five local circulations exist at the depth-average flow field. The locations are the northeast part of the western lake, the southwest part of the western lake, the area around Zhongmiao-Mushan, the estuary of Zhefu River and the estuary of Zhao River. The two reverse circulations at the western lake are combined to form a current at the northwest corner, which flows into the eastern lake through the north of Mushan. The velocity of the current is between 0.012m/s and 0.02 m/s. Two counter-clockwise circulations exist in the area around Zhongmiao-Mushan and the estuary of Zhefu River. And a clockwise circulation exists near the estuary of Zhao River. Because all circulations are local ones and no global circulation exists, the flow field is not favorable for the water exchange in the lake. This is also the reason why there is a great difference in the water quality between the western and the eastern lakes. In all, the flow field in Chaohu Lake is dominated by the wind-induced motion, especially in the western lake and the west part of the eastern lake. In the east part of the eastern lake, the flow is the combination of the wind-induced motion and the gravitational flow.
Flow field under the prevailing wind in winter
The typical flow field under the prevailing wind in winter is simulated and the results are shown in Fig.8 . The wind speed is 2.7 m/s and the wind direction is northeast. Under the average wind speed, most parts of the lake are dominated by the wind-induced flow. The water flows southwest at the surface layer with a velocity between 0.01 m/s and 0.05 m/s while the water flows in the opposite direction as a compensation current at the bottom layer with a smaller velocity of between 0.01 m/s and 0.025 m/s. There are four circulations in the depth-average flow field, in the northwest part of the western lake, the estuary of Hangbu River, the area around Zhongmiao and the estuary of Zhao River. A current is formed at the eastern lake, which flows from the southwest direction to the northeast direction and finally towards the sluice. As there is a counter-clockwise circulation at the northwest part of the western lake, the water exchange between the area and the other place is not easy and the northwest part of the western lake becomes the most severely polluted area.
In both the typical flow fields of summer and winter, one or two local circulations exist in the western lake. The local circulation is not favorable for the water exchange and the nutrient transport between two half lakes, thus the quality of the water in the western lake is much worse than that in the eastern lake. Besides, circulations exist in the area around Zhongmiao under both situations, which hinders the nutrient from being exchanged with the outside water and makes the pollution gather heavily in that place. On the other side, a current is formed at the eastern lake under these two typical conditions. The current flows from the southeast direction to the northwest direction and further towards the sluice, thus it promotes the water exchange in the area. 
Flow field under extreme wind speed in summer
In order to examine the flow pattern at the extreme wind speed, the 90th percentile wind speed recorded by Mushan Station in 2012, i.e. 10.3 m/s, is used to simulate the depth-averaged flow field of the windinduced current. The simulated results (Fig.9) show that there still exist two circulations in the southwest part and the northeast part of the western lake. The southwest circulation, occupying 2/3 of the western lake, is larger than that formed under the average wind speed, while the northeast circulation is smaller. The circulations in the area around Zhongmiao and the estuary of Zhefu River still exist. And a new large local circulation appears in the west part of the eastern lake. From the above results, it can be inferred that local circulations would be formed for both the average and extreme wind speeds, and will hamper the water exchange with other areas. 
Flow field with design discharge rate of Chaohu Sluice
The design discharge rate of Chaohu Sluice, 1 370 m 3 /s, is used to study the influence of the discharge rate on the flow field. The results are shown in Fig.10 . Similar to Fig.7(c) with a discharge rate of 500 m 3 /s, five circulations exist in the depth-average flow field, in the northeast part of the western lake, the southwest part of the western lake, the estuary of Zhao River, the area around Zhongmiao and the estuary of Zhefu River, respectively. However, the current, which is formed at the northwest corner and flows from the western lake to the eastern lake, become stronger with a larger discharge rate. It further flows towards the Chaohu Sluice after entering the eastern lake. The velocity of the current reaches 0.015 m/s-0.03m/s while it is just 0.01 m/s-0.02 m/s when the discharge rate is 500 m 3 /s. The two local circulations still exist in the western lake, but they are smaller compared with those in Fig.7(c) . Instead, the current is much stronger and the water exchange is quicker.
Response of flow to wind
As mentioned above, the flow in Chaohu Lake is dominated by the wind-induced motion. The magnitude and the direction of the wind velocity determine the magnitude and the direction of the flow. Thus, we further investigate how the flow field responds to the wind. Based on this analysis, the basic characteristics of the flow field in the lake can be deduced if the wind speed is known. Here, the flow field in the lake is simulated by using the wind speed collected at Mushan Station during 2012, with a sampling cycle of 1 h. Also, we use the runoff data of Fengle-Hangbu River and Chaohu Sluice during 2012 in the simulation, for the runoff of other rivers are comparatively small and can be neglected. Figure 11 shows the relationship between the flow's direction and the wind's direction. It can be seen that the unsteady direction of the surface flow is very close to the wind's direction. While the difference between the wind's direction and the unsteady direction of the bottom flow is close to o 180 . Also, it is found that the change of the flow's direction is more stable than the change of the wind's direction, as shown in Fig.11(b) . For example, at around the 30th h, 35th h and 80th h, the wind's direction experiences three cycles, which represents obvious changes of the wind's direction. However, the moving directions of the flow at these three periods do not change as significantly as the wind's directions.
Besides, from the 40th h to the 41st h, ( ) 335 . It implies that with a sustained change of the wind's direction, the flow responds to the input and remains stable after about 4 h. Thus, the necessary condition of the change of the flow's direction is the continuous effect of the changed wind's direction, and a sudden change of the wind direction, such as the impulse input as stated above, cannot leads to a significant change of the flow's direction. The change of the flow is smoother than that of the wind and it lags behind the change of the wind for about 4 h. The relationship between the magnitude of the flow velocity and the magnitude of the wind speed is shown in Fig.12 . It illustrates that the magnitude of the flow velocity is very sensitive to the change of the wind speed. An impulse in the wind speed, even though just for 1 h to 2 h, can cause a corresponding change of the flow velocity. Besides, the velocity of the surface flow is a little bit larger than the velocity of the bottom flow.
The cross spectrum is used to analyze the relationship between the wind speed and the velocity of the surface and bottom flows. The correlations of the wind speed and the velocity of the surface flow and the velocity of the bottom flow are 0.993 and 0.989, respectively, which indicates strong correlations. Besides, the phase-difference of the surface flow and the wind is o 27.2 while the phase-difference of the bottom flow and the wind is o 196.5 , which means the time of response is 4.5 min and 32.7 min, respectively and the surface flow responds faster than the bottom flow to the wind.
Conclusions
The FVCOM is used to study the hydrodynamic characteristics in Chaohu Lake. The main conclusions are as follows:
(1) The flow field in Chaohu Lake is a combination of the wind-induced current and the gravitational flow. The wind-induced flow is much stronger than the gravitational flow in most area and the wind force is the main driving force. Only in the estuary of Zhefu River and the area around Chaohu Sluice, the gravitational flow is comparable with the wind-induced flow.
(2) In the typical flow fields under the prevailing wind, most area is dominated by the wind-induced flow, except the area around the sluice. The water flows towards the downwind side at the surface while towards the opposite side as a compensation flow at the bottom. In the area around Chaohu Sluice, the water flows from west to east at all depths because of the sluice's discharging water. In the depth-average flow field, there exist five circulations in the lake under the southeast wind. Among them, two reverse circulations exist in the western lake. And four circulations exist in the depth-average flow field under the northeast wind, including one circulation at the northwest part of the western lake. Local circulations at the western lake are not favorable for the water exchange between two half lakes.
(3) Under the extreme wind speed of 10.3 m/s of the southeast wind, two reverse circulations are formed at the western lake, which is unfavorable for the water exchange with other areas. With the discharge rate of 1 370 m 3 /s, two smaller circulations exist at the western lake. And a stronger current is formed flowing from west to east, accelerating the water exchange in the lake.
(4) The time series of velocity in the lake is closely related with the wind force. The flow at the surface has the same direction as the wind, while it is in the opposite direction at the bottom. The flow's direction changes more smoothly than the wind direction. But the flow velocity is very sensitive to the wind speed.
